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SUMMARY

&
Threemodificationstotheleading-edgeregionoftheNACA64AO1O

airfoilsectionweredesignedandtestedtwo-dimensionallyatbothlow
andhighsubsonicspeeds.Themodificationsincreasedthelow-speed

d msxtiumliftcoefficientofthesymmetricalreferencesectionby asmuch
as 0.58,largelyby increasingtheangleof’attackatwhichstalloccurred.
A single-criteriondesignprocedureforestimatingtheincrementalmaximum
liftduetoan arbitrarymodification,basedon controlofthetheoretical
pressurepeak,wasunsatisfactory.

Testsathighspeedsshowedthatthemaxb?mn-liftincrementsprovided
by theleading-edgechangeswerereducedby compressibilityeffects,and
vanishedatabouta Machnumberof 0.65.Thehigh-speeddragcharacter-
isticsofa modifiedsectionwithl.1-percent-chordnoseradiusandcariber
overtheforward1~-percentchord.weresomewhat~provedoverthoseofthe
NACA64AO1Osection.

INTRODUCTION

Tomaintainattachedflowovergivenairfoilstohigheranglesof
attack,a methodfrequentlyusedhasbeenonewhichentailsmodification
oftheleading-edgeregionby introductionofforwardcsmberand/oran
increaseofleadlng-edgeradius(seerefs.1 to 7). Testsof suchchanges
werelimitedto arbitrarydesigns.Tofurnishadditionaldatausefulboth
forlow-speeddesignandhigh-speedevaluation,threerelatedcontour
changesfortheNACA64AO1Oairfoilsectionweretestedtwo-dimensionally

. atbothlowandhighsubsonicspeeds.Oneofthemodifiedairfoilswas
sodesignedastohavethesamenoseradiusandtypeofcsmberasa
standarddesignatedsection,theNACA13010.

4
Thisreportpresentsthetestresultsandcomparesairfoilshaving

forwardanddistributedtypesof camber. -.
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NOTATION

chord

sectiondragcoefficient

sectionliftcoefficient

designsectionliftcoefficient

sectionpitching-momentcoefficientabout~
4

sectionnormal-forcecoefficient

localpressurecoefficient,u
~

Machnumber

drag-divergenceMachnumber,definedastheMachnumberatwhich
dcd
— = 0,1
dM

P free-streamstaticpressure

localstaticpressure”‘2

~ free-streamdynamic

R Reynoldsnumber,&

r leading-edgeradius

pressure

inpercentofchord

v free-streamvelocity

v localvelocityonthesymmetricalsection

Av incrementoflocalvelocityinducedby

x distancealongairfoilchord,measured
theuncamberedsection

Y heightaboveairfoilchord

‘O sectionangleofattack,measuredwith

as sectionangleofattack,measuredwith
theunmodifiedsection

sectioncemher

frm theleading

respectto

respectto

edgeof

.—

&

P

thechordline ,0.

chordlineof G
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v kinematicviscosity

Subscripts

max maximum

min minimum

o conditionsat zerosectionlift,exceptas otherwisedefinedabove

u uncorrected

MODELSANDTES15

Airfoils

Threerelatedairfoilprofilesweredesignedforthisstudy.The
profileswereformedby modifyingtheforward20-percentchordofthe
NACA64AO1Osectionto incorporatecsmberandincreasesinnoseradius.
Selectionofthesenosemodificationswasguidedby a simpledesigncri-
terionbasedon controlofthetheoreticalleading-edgevelocitypeak.
Thisdesigncriterionwillbe discussedlaterinthereport.

Oneofthenosemodifications(airfoil2 inthetablebelow)was
designedtohavethesameleading-edgeradiusandsimilarcamberdistri-
butionasa standarddesignatedsection,theNACA13010.Theothertwo
sectionsdifferedeitherinleading-edgeradiusortypeof csmberlineas— —
showninthetable.

Leading-edge
Airfoil

Leading-edge
radius, droop,

‘es-tion percentchordpercentchord
1

I

1.10 1.12
2 1.10 1.23
3 1.50 1.23

Zlo II0.2!2
130 .15
130 .18

%imilaras to chordwisedistributionof camber,butwith
Cli showninlastcolumn.

Profilesoftheairfoilsareshowninfigure1,andthecoordinatesare
givenintableI. Theoreticalloadingsandpressuredistributionscom-
putedby theairfoiltheoriesofreferences8 and9 arecmqpredwith
thosefortheNACA64AO1Osectioninfigures2 and3.
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Low-SpeedTests +

Thelow-speedtestswereconductedintheAmes7- by 10-footwind B
tunnelnuniber1. The~-foot-chordmodeloftheNACA64AO1Osection
spannedthe7-footheightofthetunnel.Six-foot-dismeterendplates
attachedtothemodelwereflushwiththetunnelwalls,thusformingpart
ofthefloorandceilingofthetestsection.Theforward20-percent
chordofthemodelwasremovableforinstallationofthemodifiedleading
edges.Theaft2.5-percentchordwasremovablefortestswithorwithout
double-slotted~laps.Fortestswithzeroflapdeflection,themainflap
ofthedouble-slottedflapsformedtheresrportionofthemodel;surfaces
weresealedandsmoothforthesetests.Fortestswithdouble-slotted
flapsdeflected,the0.075cforefl.apwasdeflected30°andthe0.2’5cmain
flapwasdeflected55°. Flushpressureorificeswereprovidedalongthe
mid-spansectionsofthemodels.

—.

Measurementsofliftandpitchingmcmentweremadewiththewind-
tunnelbalancesystem.Tunnel-wallcorrectionsccmputedby themethod
ofreference10wereappliedtothedataasfollows:

~ orUO =%+ o.k7cz + 3-.89~
u

cl = 0.930 Czu

% = 0.982 ~ + 0.013 clU

t

TestsweremadeatReynoldsnumbersof2.8, 4.0, and5.8x106withthe
Machnumbervaryingappraimatelyfrom0.0!3to 0.17.

—

High-SpeedTests

Thehigh-speedtestswereconductedintheAmes1-by 3-1/2-footwind
tunnel.Six-inch-chordmodelsoftheNACA64AO1Oairfoilsectionandthe
modifiedsectionswereconstructedofaluminumalloy.Themodelsspanned
thel-footdimensionofthetestsection.Sponge-rubbergasketsweretom- .
pressedbetweenthemodelendsandthetunnelwallstopreventendleakage.

Lift,drag,andpitchingmomentweremeasuredbothat constantsingle
ofattackwhilevaryingMachnumberforallmodelsandat constantMach
numberwhilevaryingangleofattackforthemodifiedairfoils.TheMach
numbersrangedfrom0.3toabout0.9;therangeofanglesofattackwas
sufficienttodefinemaximumliftup toa Machnumberofabout0.8. The
Reynoldsnumbersvariedapprcwimatelyfrcm-lxlOOat a Machnumberof0.3
to2X106at thehighesttestMachnumbers. ,

Liftandpitchingmomentweredeterminedfrommeasurementsofthe
pressurereactionsonthetunnelwallsoftheforcesontheairfoils. v-
Dragwasdeterminedfromwake-surveymeasurementsmadewitha rakeof
total-headtubes.
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RESULTSANDDISCUSSION

LowSpeed

5

Characteristicsofthemodtiiedairfoils.-Thebasicliftsmd
pitching-momentcharacteristicsobtainedfromthelow-speedforcetests
&e presentedinfiguresh and5. Drag-forcemeasurementsobtainedin
thelow-speedtestshavenotbeenpresentedsincetheresultswerefound
erroneous,ap~rently,dueto dragandinterferenceeffectsofthemodel
endplates.However,theendplatesapparentlycausedlittleeffecton
theover-allliftandmomentresultssincechecksofthesedatamadewith
thepressuremeasurementsrevealedaveragedifferencesoftheorderof
only1/2percent.

.—

Despitethevariationincamberforthethreeairfoils,noparticu-
larlysignificantdifferencesintheliftandmomentcharacteristicscan
be detectedinfigure4 asidefromtheobviousvariationin CZ . All .-

sectionsshowvirtuallyno lfitormomentat zeroangleofattack.In
interpretingthesedata,itmustbe rememberedthatthelineusedin
referencingas isthechordlineoftheunmodifiedsection.Thistn.tro-
ducesa positivedisplacementoftheliftcurvesofaboutO.P forall
threemodifiedsectionsas comparedwiththeusualreferencingsystem.
At thehighesttestReynoldsnumber,themaximumliftpeakforairfoils1
and2 canbe seentobecome-moreroundedthanat thelowerReynolds
numbers.

Thestalldevelopmenton themodifiedairfoilsisillustratedin
figure6 tithselectedpressuredistributionsfrom4.0millionReynolds
numberdata.Evidenceofturbulentseparationappearsinthefiguresat
thetrailingedgesofallthreeairfoilsat c1 Scrutinyofallthe

max”
pressuredata,infact,showedthatturbulentseparationappearedjust
priorto %=” Turbulentseparationappearsinthepressuredataas a

riseh pressures(morenegative)nearthetrailingedge.

~ thecaseofairfoil1, thecompletepressure-distributiondata
showedthatthtsseparationspreadforwardwithincreasingangleofattack,
and Cptin remainedatan almostconstantvalue,establishinga CZ

max
value;even2°beyondCZ however,a peakof considerablemagnitude

max’
wasfound.k contrast,themaximumliftofairfoils2 and3 wasestab-
lishedas a resultofflowseparationoccurrbgneartheleadingedge
whichjoinedthealreadyexistingtrailing-qdgeflowseparation;inthese

* casesthenosepeakwasmarkedlyreducedatanglesabovethatfor cl=”
ThepressuredataforotherReynoldsnumbersshowedthatinalJcasesthe

d evidenceoftrailing-edgeflowseparationbecamemoreapparentwith
increaseinReynoldsnumber,butdidnotalterthesequenceof stall.
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progression.Stallonthesymmetricalreferencesectionwassimilarto
#

thatforairfoils2 and3 inthattheflowseparatedsuddenlyfrompoints
—

neartheletingedgeandfree-stresmstaticpressurewasnotregainedat b
thetrailingedge(ref.n). However,dataforthes~etric~ section
showedno evidenceoftrailing-edgeflowseparationpriorto stallas
previouslyindicatedforaitioils2 snd3. No definiteevidenceofa —

leading-edgeseparationbubblecouldbe detectedinthepressuredata
forthemodifiedairfoilsaswasfoundfortheNACA64AO1O.

Dataforthethreeairfoilswithflapdeflectedaregiveninfigure5
forReynoldsnumbersof4.0and5.8million.Thisflap,beingofthe
double-slottedtype,producedverylargeincrementsinliftbutatthe
expenseofverylargepitchingmcments.At thelowerReynoldsnumber,the
incrementsin c2_ betweenthethreeairfoilsgenerallyfollowthepat-

ternfoundforthemodifiedsectionswithoutflaps.Forsomeunaccountable
reason,however,increasingtheReynoldsnumberto 5.8pillioncauseda
largedeleteriouseffectonthe CZ ofairfoil3,havingthelarger

leading-edgeradius,whilelittlechangecanbe seentohaveoccurredin
thecharacteristicsoftheothersections.

Comparisonsofairfoilswithforwardanddistributed.ember.-Gains
inmaximumliftsimilarto thoserealizedwiththesectionswithforward
cambercanbe achievedthroughtheuseofdistributedcamber.Inthefol-
lowingevaluation,thecharacteristicsofairfoilsofthelattertypeare
includedforcomparativepurposes.Similarcomparisonsaremadeforhigh
speedslaterinthereport.

A directcomparisonofthemodifiedleading-edgesectionwitha
symmetricalsectionandsectionshavingdistributedcsmberisshownin
figure7. Inthecomparison,onlyairfoil2 hasbeenconsideredbecause
inthehigh-speedtests,aswiXlbe seenina subsequentsectionofthe
report,thisairfoilexhibitedgeneralQs~pefior~~acteristicsover
theothersofthegroup.Theliftcurveforairfoil2 hasbeendisplaced
by 0.7°totheleftsothat a. isbasedontheusualchordlinedrawn
fromnosetotrailingedge.Theairfoilswithdistributedcsmberused
forthecorrelationaretheNACA64A31Oand0010witha cZi of 0.3,
bothusingtheNACAa = l.Omeanline.Dataonthecsmberedfour-digit-
sectionareincludedsinceitslea&Lng-edgeradiusisthessmeasthat
ofairfoil2. Thedataarethoseat3.7millionReynoldsnumberreported
inreference12frantestsinthesamefacilityusedforthepresentlow-
speedstudy.DatafortheNACA64AO1Oincludedinfigure7 arethose
giveninreferenceI-1(4.1millionReyuoldsnmnber).

Theloadingintroducedby concentratingthecsmibernearthenose
producesalmostno incremental.pitchingmomentsuchas isassociatedwith
thedistributedformofcsmber.Thisresultisapparenti.nfigure7(a)”
andstemsfromthedistributionofloadingdueto cambershowninfig-
ure2(b).Theincreasein cZ_ providedby distributedcamberonthe

*

s
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< NACA64A31O,a = 1.0,sectionIsapprcxdmatelyeq~ to its Cli. That
providedby theairfoil2 modificationis considerablymorethanits cZi

● (0.15),presumablydueto theincreaseinleading-edgeradius.Thedif-
ferenceinleading-edgeradiusisalsobelievedtobe theprincipalrea-
sonforthedifferencein cz- oftheNACAsections64A31O,a = 1.0,

and0010witha cZi of 0.3.

Datacomparingthreetypesofsectionswithflapsdeflectedare
presentedinfigure7(b).Herethedistributedca?ibersectionusedis
theNACA65-210 airfoil(datafranref.13);thedouble-slottedflapcon-
figurationis identicalfordl threesections(mainflapdeflected~~”).
Frau-acomparisonofthedataoffigures7(a)and7(b),flapsretracted
andextended,itmaybe seenthatthemodificationprovidedaboutthe
ssmeincrementalchangein cl= withtheflapextendedaswithit

retracted.Thelargepitchingmomentassociatedwithflapsislittle
affectedby eitherthemodifiedleadingedgeorthedistributedtypeof
csmber.

HighSpeed

Characteristicsofthemodifiedairfoils.-Lift,drag,amdpitching-
mcmentresultsforthethreemdifiedsectionsarepresentedinfigures8
to 12forMachnumbersrangingfrmn0.3toabout0.9. Infigures13
and14,directcomparisonsaremadeofthethreemodifiedsectionsshowing
thevsriationof Cz= andcd as a functionofMachnumberwhileinfig-
ure15 thedrag-divergenceMachntiersareccqmred.

At thesehigherspeedstheincrementaldifferencesin Cl_ between
airfoilssregreatlydiminishedoverthosefoundatlowspeed.Moreover,
themagnitudesof cl- ofthemodifiedairfoilsat M = 0.3areonly
about2/3thelowerspeedvalues (fig.13). Thisisduetoboththedif-
ferenceintestReynoldsnumberforthelow-andhigh-speedstudies(2.8
millionandabout1.0to2.0million,respectively)andtheincreasein
Machnumber.A portionofthedataofreference14whichclearlyillust-
rates theseeffectsfortheNACA64-210sectionis includedinfigure13.

Valuesof cz- forthemodifiedsectionsdecreasewithincreasing

Machnumberabove0.3whereastheunmodifiedsectionshowsessentiallyno
change.Consequently,theimprovementsin cl& providedby theleading-
edgemodificationsdiminishwithincreasesinMachnumberandtirtually
disappearata Machnumberoftheorderof 0.65. It istobe notedthat
ifthesesectionsareappliedtoa sweptwing,therelievingeffectsof
sweepbackwillincreasetheMachnumberatwhichthe CZ- benefits
providedby thenosemodificationswouldbe expectedtovanish.
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Thecomparisonsofdraginfigure14(a)for
airfoilsonthewholeshowairfoil2 tohave‘the
attackaboveabout2°. Thedrag-divergenceMach
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thethreemodified
lowestdragatanglesof
nunberalsoishighest

forthisairfoilathi@ liftc&ffici&ts. Belowabout0.2lift~oeffi-
cientthedifferencesin ~ canbe seentobe negligible(fig.15).

I-

i “-

—

Comparisonsofairfoilswithforwardanddistributedcamber.-Fig-
ures16to20havebeenpreparedto illustratethehigh-speedcharacter-
isticsofairfoil2 ascomparedtothoseofthebasicairfoilthickness
formhavingdistributedcamber(NACA64A31O,a = 1.0section)andhaving
no camber(NACA64AO1Osection).Datafortheseairfoilsweretakenfrom
reference15. Includedarecomparisonsof

—
.clm~ cd}~> cl/cd~‘d

%“ ThedeleteriouseffectsofreducedReynoldsnumberandincreasing
Machnumberto 0.3on cZ- srenearlyequalforbothtypesofcambered
airfoils(fig.16). WithincreaseinMachnumberabove0.3,the cl-
ofthemodifiedairfoilcontinuestodecreasewhilethatfortheNACA
64A310remainsfairlyconstant.Apparently,thetypeofvariationof s
cz- inthisMachnumberrangeis associatedwiththenoseshapeofthe
section,andisunaffectedby a distributedtypeof csmber.Thissame r
conclusioncanbe drawnfromthedatapresentedinreference16fora
groupof15-percent-thicksections.Inthatpaper,dataforsections
withnoseradiiabost as largeasthatofairfoil3 andwithdistributed
csmbershowanalmostconstantCzm= inthessmeMachnumberrange, —

whereasdatafortheNACA!2301~(forwardcsm~r)showsa decreaseIn
cz~ withincreasein M above0.3similartothedecreasenotedfor
airfoils1,2, and3. Thedatapresentedinreference17 indicatesthat

—

therelativelyconstantCZ= characteristicexistsforsectionswith
boththeNACAa = 0.4anda = 1.0meanlines,andforvaluesof Cti at
leastup to 0.4.

--
Figure18 showsthatthedrag-divergenceMachnumberforairfoil2

ishigherthanfortheNACA64AO1Osectionatliftcoefficientsabove —
about0.3,””butlowerthantheNACA64A~10sectionaboveabout0.4lift
coefficient.Froma lift-drag-ratiostandpoint(fig.19),themodified
airfoilissuperiortothesymmetricalNACA64AO1OsectionatMachnumbers
belowabout0.7,butitdoesnotmatchup to”thelift-drsg-rati.ocharac-
teristicsoftheequivalentdistributed-cambersection.These c+d
gainsforthemodifiedairfoilare,however,madewithoutintroductionof
a zero-liftpitching-momentincrement(fig.20).

ComparisonofMeasuredandEsthatedMsximunLiftValues

An attemptwasmadetoestimatetheincrementsinlow-speedcz~
overthatoftheNACA64AO1Oreferencesectionprovidedby thethree
modificationstested.A simpleprocedure,basedoncontrolofthe

.
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.
leading-edgevelocitypeak,
ad reasonsforitsfailwe

9

wasused. Themethodprovedunsatisfactory,
becsmeapparentfromanalysisofthepressure-

4 distributiondata. Sincethemethodistypicalofthosetriedbymany
investigators,a briefreviewoftheprocedureandresultsisgivenbelow.

To selecta designcriterionbywhichtoestimateCZ=Y itwas

reasonedthatmsximumliftiscontrolledprincipallyby therateofrise
of theleading-edgevelocitypeakswithliftcoefficient.A reductionin
thisrateofrisebymodificationof theleading-edgeregionofan airfoil
wouldimplyan increasein cl= . Assumingfurtherthesimpleconcept
ofa uniquelimitintheattainablevalueof theminimumpressurecoeffi-
cient,onecouldthendeterminecZH2 atleastfora givenclassofair-

foilsectionssuchaswasconsideredhere. (Itwasessentiallythiscon-
ceptthatwasappliedtothederivationoftheNACAX-006airfoilsections.
Seeref.18.) !l?heoreticalpesknegativepressurecoefficientsat experi-
mentalvaluesof et- weredeterminedfora largenumberof10-percent-
thicksections.A limitingtheoreticalminimumpressurecoefficientwas
chosenas % = -10.~frcma scrutinyofthesedataasan averagelim-

min
itingvalue.Theincrementof czm= estimatedforan arbitrarymodifi-

cationwastakentobe thedifferenceintheoreticalCZ betweenthe
modifiedandtheunmodifiedsectionswhen ~tin foreachattainedthe

limitvalueof-10.5.Thetheoriesofreferences8 and9 wereused.
ComparisonsofestimatedandexperimentalACZ- valuesforairfoils1,

2, and3 aregiveninthefollowingtable:

Estimated
Experimental

Experimental
Airfoil “l=

%= Ac~_
(R= 4x106)

NACA64AOIO~ 1.07
1 0.38 1.36 0.29
2 .32 1.44 -37
3“ .42 1.65 .%

‘cl_ valuefortheNACA6kAO10sectionfromthe

dataofreferenceIl.

Theestimatedvaluesof Ac1- areunsatisfactoryforairfoils1
L

and3,differingby approximately30percentfromthemeasuredresults.
Comparisonsat otherReynoldsnumbers.aresimilar.Inspectionofthe

* experimentalpressuredatashowedthatlimit ~tin wasnota single
valueforthemodifiedsectionsaaassumed,butvariedfrom-9.5to
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beyond-13. Thevalueof Cptin occurredwithintheforwardl/2-percent #

chord,a regiondifficulttodefineby theusualairfoiltheoryprocedures.
Furtherexaminationofthepressuredatarevealednomethodofimproving k
thecorrelationswithmeasuredcZmu values.Thusitappearsthatpre-

dictionof ‘2= forarbitraryprofilesisbeyondthereachofsucha

simpleprocedure.

CONCLUSIONS

Threemodificationstotheleading-edgeregionofthe
airfoilsectionweredesignedandtestedtwo-dimensionally
andhighsubsonicspeeds.

mcA 64A010
atbothlow

Testsat lowspeedshowedthattheleading-edgemodificationswere
capableofincreasingmsxhnumliftcoefficientofthel~percent-thick
sectionby asmuchas Ox. Increasesinliftwereachievedlargelyby

#

increasesintheangleofattackatwhichstalloccurred.Thenosemodi-
ficationsintroducedvirtuallyno incrementalpitchingmoment(suchas is P
associatedwithsectionswithdistributedformsof camber).A simple
designprocedureforestimatingtheincrementalmaximumlfftduetoan
arbitrarymodification,basedoncontrolofthetheoreticalminimum
pressure,wasunsatisfactory.

Testsathighspeedsshowedtheincrementsinmaximumliftprovided
by theleading-edgemodificationswerereducedby canpressibilityeffects,
andvanishedata Machnuriberofabout0.65.Thisisincontrasttothe
NACA64A31Osection(witha distributedformof csmber)whichprovidedan
almostconstantincrementofmaximumliftabovethatoftheuncsmbered
sectionup tohighsubsonicWch numbers.Thehigh-speeddragcharacter-.
isticsofa modifiedsectionwithl-l-percent-chordnoseradiusandcamber
overtheforwsrd15-percentchordweresomewhatimprovedoverthoseofthe
umnodifiedNACA64Ao1osection.Increasingthenoseradiusto1.5-pement
chordhaddeleteriouseffectsonthesecharacteristics.
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TABLEI.-cooRDIw~sOFTEENACA64Ao1oANDTEEMOD- -OIL SECTIONS
[Dimensionsgiveninpercentof chord]

I x

o
.25
.50
-75

1.00
1.25
1.50
2.00
2.50
3.50
5.00
7.50

10
12.50
15
17.50
20
25
30

2:
45
50

z
65

:
80
85
90
95

100

NACA64A010 -
Y

Upper
o
---
.804
.969
---

1.225
---
---

1.688
---

2.327
2.805
3.199
---

3.813
---

4.272
4.6c6
4.837
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-4.968
-4.995
-4.8g4
-4.684
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Airfoil1
Y

mP erILower
-1.12
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3.45 -3.45
--- ---
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-- ---

Airfoil2
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.02
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---
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2.875
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-2.79
-2.99
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J!EkEz
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